The processes and mechanisms of entrainment and transportation of soil particles by surface runoff was investigated in the laboratory by a 0.05×0.2×3 m flume for two contrasting soil samples. The results show that there are at least two different mechanisms affecting particle transport by flow, with their relative importance relating to hydraulic condition, especially flow streampower. Different particle size classes are transported mainly by one mechanism. Suspension/saltation was observed to be the only mechanism at low streampowers (< 0.1 W m -2 ). Bed load transport, probably involving rolling was shown to be activated at the streampowers greater than a specific threshold of about 0.1-0.15 W m -2 , becoming the dominant transport mechanism at these modest streampowers. The relative importance of the two transport mechanisms was also related to soil types. Particle density seemed to have a main role in this context. Comparison with theoretical prediction of sediment concentration provided some support for the increasing dominance of bedload transport mechanisms with increasing streampower in these experiments.
Introduction
Previous studies have shown that in soil erosion due to steady overland flow there are dynamic changes in sediment characteristics, especially its size distribution (e.g. Asadi et al., 2007b; Baigorria and Romero, 2007; Rose et al., 2007) . Related changes also occur under rainfall erosion (e.g. Hairsine et al., 1999; Hogarth et al., 2004) . A better understanding of the dynamics of the sediment size distribution will improve understanding of erosion and sedimentation processes, and consequently improve erosion modeling. It can also provide the basis for understanding of the transfer of nutrients and pollutants from agricultural and range lands to waterways, and the ability to better model these fluxes (Tromp-van Meerveld et al., 2008) .
It has been reported that interrill soil erosion processes are size-selective (Asadi et al., 2007a, b; Gabriels and Moldenhauer, 1978; Hairsine et al., 1999; Hogarth et al., 2004; Loch and Donnollan, 1982; Malam Issa et al., 2006; Meyer et al., 1980; Miller and Baharuddin, 1987; Mitchell et al., 1980; Romero et al., 2007; Slattery and Burt, 1997; Sutherland et al., 1996; Wan and El-Swaify, 1998) . The general agreement is that eroding sediment is enriched in clay and silt-sized particles relative to the original soil in the commencement of the erosion event and gradually becomes coarser, becoming very similar to that of the original soil at final steady state condition.
However, in some cases it has been observed that the sediment size distribution is bimodal during the erosion event, especially for flow-driven erosion (Asadi et al., 2007b) .
Under flow-driven erosion at low streampowers, Asadi et al. (2007b) found that the size of sediment is distributed as a bimodal type of mass fraction. They concluded that this characteristic behavior did not result from the size distribution of the original soil, nor is it all likely to have been the result of aggregate breakdown during erosion. It was concluded that the bimodal distribution of the sediment resulted from two different transport mechanisms of suspension/saltation and rolling, acting dominantly on particles of different size classes (Asadi et al., 2007b) .
Approximate (Rose et al., 2007) and analytic (Tromp-van Meerveld et al., 2008) solutions to Hairsine-Rose theory (Hairsine and Rose, 1991, 1992a, b) for flow and rainfall erosion respectively, have shown some differences between the observed and predicted size distribution of sediment. The presence of rolling in conjunction with or parallel to saltation, the only mechanism assumed in the theory, was mentioned as a possible reason for such differences (Rose et al., 2007) .
A hypothesis to explain previous experimental results which showed a bimodal distribution for sediment size (Asadi et al., 2007b) was that there may be some threshold in streampower which needs to be exceeded for rolling transport to occur for medium to larger sized sediment particles or aggregates. In the reported experiments the experimental conditions investigated by Asadi et al. (2007b) have been extended to somewhat higher streampowers, and furthermore the effect of particle density on transport mechanisms has been investigated.
Materials and methods
Two contrasting soil materials were used in the study to provide particles with different densities. The first soil was a well-aggregated forest soil with mean weight diameter of aggregates (< 4 mm) of 1.69 mm, and the second was a non-cohesive fluvial sand. The forest soil has a clayey texture containing 5.25 and 2.75 percent organic matter and equivalent calcium carbonate, respectively. Though particle density was assumed to be 2,650 kg m -3 for fluvial sand particles, it was 1,760 kg m -3 on average for forest soil particles (aggregates) measured by the method of Chepil (1950) . Secondary particle (aggregate) size distribution (denoted PSD) of the two samples as measured by wet sieving was almost similar (Fig. 1 ). The main difference of particle size distribution (PSD) between the two samples is related to the maximum size which was chosen arbitrarily. While the forest soil was passed through a 4 mm sieve, the fluvial sand was passed through a 2.36 mm sieve. A pre-test experiment showed no particle movement under shallow flows used in this study for fluvial sand which had passed through a 4 mm sieve.
INSERT FIGURE 1 ABOUT HERE
A solid base tilting flume with runon facility was used to carry out the experiments (Fig. 2a) . In all the reported experiments, flow was provided at the top of the flume at a constant rate. After a set of pre-test experiments, to carry out experiments in a wider range of hydraulic conditions the width of the flume was reduced to 5 cm ( Fig. 2b ) to avoid rilling and maintain an uniform flow during the experiment. A uniform bed with 5 cm depth of each sample was formed before being saturated for one night with tap water.
The study was performed during 2009 at the soil erosion research laboratory of Guilan University.
INSERT FIGURE 2 ABOUT HERE
Seven experiments were carried out on the forest soil and eight on the fluvial sand.
Flow streampower ranged from 0.05 to 0.47 and 0.08 to 0.49 W m -2 for forest soil and sand, respectively. Also, the range of flow depth was 4 to 14 and 4 to 24 mm for forest soil and sand, respectively. Hereafter the experiments on the forest soil will be denoted by F1 to F7 and those on the sand by S1 to S8. The details of the experiments including slope steepness and flow rates are given in Table 1 . Experiment duration was 20 min.
Flow streampower (Ω) was calculated by:
where ρ is the density of the fluid, g is gravitational acceleration, S is slope angle of flume bed, and q is the volumetric flux per unit width. 
Results and discussion
Changes with time in the measured sediment concentration at the exit from the flume are given in Figure 3 the fraction is around 5 % which is the equal mass fractions of size classes in the original sample ( Fig. 5a and 5b) . Sediment size distribution becomes bimodal with increasing streampower in the next experiments, especially for the first sampling times of 1 minute ( Fig. 5c-h) .
Results for the fluvial sand exhibit two major differences with the forest soil in respect to particle size distribution of sediment ( Fig. 4 and 5 ). The first difference refers to the sizes of finest and coarsest size classes which are 0.085 and 2.18 mm, respectively for fluvial sand against 0.03 and 3.00 mm, respectively for forest soil. The second difference relates to particle density, while all particles of fluvial sand have a particle density of about 2,650 kg m -3 , particle density was 1,760 kg m -3 on average for forest soil particles (aggregates) as mentioned in the Materials and Methods. These differences have caused:
(i) transport percentage of the finest size class, i.e. first peak to be lower for the fluvial sand than the forest soil, (ii) transport percentage of the coarser size classes, shown in the second peak to be higher for the fluvial sand than the forest soil, and (iii) the lowest sediment concentration to be for size classes between 0.18-0.38 mm in fluvial sand, while it occurred for 0.5-1.0 mm size classes in the case of forest soil. It is hypothesized that this size class with lowest sediment concentration may be considered as a border between dominance by the two transport mechanisms, with saltation dominating the smaller size ranges.
There are dynamic changes in sediment PSD during any given experiment for both soils ( Fig. 4 and 5 ). Both the fractional sediment concentration of each size class, and the size classes with minimum and maximum transport change with time. Probably the main reason for such changes is that the particle size distribution of the eroding bed is changing continuously with time. In apparent contrast with theories (Rose et al., 2007; Hairsine and Rose, 1992a, b) and previous observation (Beuselinck et al., 1999; Hogarth et al., 2004; , sediment size distribution did not become the same as that of the original soil at the end of the experiment. However, as shown in Fig. 3 , change was still occurring at this time (20 minutes) for some of the experiments (especially on fluvial sand), so equilibrium may not have been reached for those experiments. The theory of Hairsine and Rose (1992a) also implies that change in settling velocity distribution can persist for substantial times.
INSERT FIGURE 5 ABOUT HERE
The PSD of the eroding bed is shown to change continuously with time from the initial situation of equality in mass fraction of the size classes (Asadi et al., 2007b) . Accordingly discussion is focused on the first sampling time of 1 minute, and the cumulative particle size distributions of outflow sediment at this sampling time are presented in figure 6 for both soil types. Outflow sediment has a very fine distribution for the experiments with low streampower on forest soil (Fig. 6a) , with more than 80% of the sediment in F1
consisting of particles finer than 0.044 mm. Sediment size distribution becomes coarser with increasing flow streampower, finally becoming similar to or even coarser than that of the original soil. In the case of fluvial sand (Fig. 6b) , while sediment PSD is finer than the original soil under low streampowers, it clearly becomes coarser than the original soil as streampower increases. The differences in behavior between the two soils may be due to the differences in size, density and shape of particles.
INSERT FIGURE 6 ABOUT HERE
To clarify understanding of processes, the individual mass fractions of each of the 20 size classes in the outflow at sampling time of 1 minute for four selected experiments (F1, F4, F5 and F6) have been redrawn for forest soil (Fig. 7) , and for four selected experiments (S2, S4, S6, and S7) with fluvial sand (Fig. 8) . For both soils these figures present data in order of increasing streampower. Figure 7 shows that for forest soil, the finest size class forms a considerable fraction of outflow sediment in the experiment with lowest streampower (F1, Fig 7a) and the fractional sediment decreases with size for next three size classes, and remains very low and somewhat uniform for larger size classes. Sediment size distribution becomes initially bimodal (Fig. 7b) , then tends toward uniform (Fig. 7c) , and finally again becomes more clearly bimodal ( Fig. 7d) with increasing streampower. While the finest size class of 0.03 mm is always high, the size classes with the lowest concentration and the higher secondary peak in concentration differ depending on the hydraulic condition of the experiment (i.e. on flow rate and slope). Both the minimum and second maximum concentrations of sediment in the PSD move to coarser size classes with increasing streampower. For fluvial sand, Fig. 8 also shows that how the minimum and second peak fractions in the sediment PSD change with flow streampower for the selected experiments of S2, S4, S6, and S7.
INSERT FIGURES 7 and 8 ABOUT HERE Table 2 summarizes the information on the changing size classes with lowest sediment transport and second peak for selected experiments on both samples at a time of 1 minute.
It is hypothesised that the size classes with lowest transport rate provide a border between the two transport mechanisms (suspension-saltation and rolling), with this border increasing in sediment size with increasing streampower. If so, this implies that the upper size limit of particles transported by suspension-saltation increases with streampower.
Based on the hypothesis that size class with minimum transport rate is an approximate border between suspension-saltation and bed load transport, the relative importance of each mechanism in sediment loss can be calculated. Table 3 presents the relative importance of suspension-saltation and bed load transport at sampling time of 1 minute for all experiments carried out on both samples, based on the minimum in transport hypothesis. Table 3 shows that for the forest soil, suspension-saltation mechanism has an important role in particle transport, but a lower importance in the case of fluvial sand is indicated, especially at higher streampowers when bed load transport by rolling becomes dominant. Table 3 shows that for forest soil about 80 percent of soil particles has been transported by suspension-saltation in experiments with low flow rate, slope and consequently low streampower (i.e. F1 and F3), however the importance of this mechanism decreases to about 40 percent in the experiments with high flow rate and slope (i.e. F6 and F7). There is a strong relationship (Fig. 9a) between the relative effect of suspension-saltation in sediment transport and streampower if the data for experiment F5 is ignored. In the case of fluvial sand (Fig. 9b) , though the importance of suspensionsaltation reduces with streampower (the exception being S6), sediment transport by this mechanism is generally lower than 30 percent, and remains between 5-10 percent when streampower exceeds about 0.1 W m -2 (Table 1, Fig 9b) . The main reason for this difference between the two samples may be due to different particle densities and so settling velocities. No explanation is available on why data for experiments F5 and S6 seem to be outliers in Fig. 9 .
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Comparison of measured sediment concentration with theory
The theory developed by Hairsine and Rose (1992a) for flow-driven erosion assumes saltation transport to be dominant. However earlier considerations in this paper indicate that some mechanism other than saltation (such as rolling) tends to become increasingly important or dominant with increase in streampower of the flow. This indication was further tested by calculating the equilibrium (or steady-state) sediment concentration at the transport limit (c t ), on the assumption that soil strength in the reported experiments was negligibly small. From Hairsine and Rose (1992a) :
where the value of F has been generally found to be approximately 0.1, σ is wet sediment density, ρ is the density of the fluid (assumed equal to that of water at the modest sediment concentrations experienced), Ω is streampower with threshold value o Ω , g= 9.8 m s -2 , and v av is the average settling velocity of the sediment.
Neglecting o Ω , Figs. 10a,b compare value of c t predicted using Eqn. (2) with measured sediment concentrations at approximate steady state condition.
INSERT FIGURE 10 ABOUT HERE For both soils, Fig. 10 shows good agreement between measured and predicted sediment concentrations when these are lower, but increasing divergence from the 1:1 relation as sediment concentration increases. As shown by Fig. 3 and Table 1 , increased sediment concentration does not always correspond to an increse in streampower, so the increased divergence shown in Fig. 10 does not always correspond to increased streampowers.
Saltation/suspension would be expected to be a more efficient transport mechanism than bedload transport mechanisms such as rolling or mass movement. Thus if, as indicated by Table 3 , bedload transport becomes a more important mechanism at higher streampowers, then a corresponding increased overprediction of sediment concentration by Eqn. (2) would be expected, as has been shown to occur (Fig. 10) . 
Conclusion
Dynamic changes in sediment size distribution were measured for two contrasting soil samples under flow-driven erosion at a range of low to modest streampowers. The results suggest that suspension/saltation is the only erosion mechanism at work for both samples at very low streampower, affecting mainly very fine to fine particles. However, with increasing streampower the observed sediment PSD's indicate that some mechanism in addition to suspension/saltation is gradually activated, enhancing the transport of medium to larger sized sediment particles or aggregates. Such enhancement requires a threshold streampower to be exceeded, when bedload transport by rolling was observed to occur.
The relative importance of the two types of sediment transport mechanisms was related to streampower and soil type. While the relative importance of suspension/saltation reduced with increasing streampower for both soil types, rolling became more important at modest streampowers for the forest soil. In the case of fluvial sand, suspension/saltation was always less importance, being less than 30 percent, and becomes less important with increasing streampower.
Sediment concentration predicted using theory which assumed the dominance of saltation/suspension was compared with measured concentration. This comparison provided some support for the hypothesis of increase in bedload transport with streampower suggested by the reported experiments.
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